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Infection with West Nile virus (WNV) causes a severe infection of the central nervous system (CNS) with
higher levels of morbidity and mortality in the elderly and the immunocompromised. Experiments with mice
have begun to define how the innate and adaptive immune responses function to limit infection. Here, we
demonstrate that the complement system, a major component of innate immunity, controls WNV infection in
vitro primarily in an antibody-dependent manner by neutralizing virus particles in solution and lysing
WNV-infected cells. More decisively, mice that genetically lack the third component of complement or com-
plement receptor 1 (CR1) and CR2 developed increased CNS virus burdens and were vulnerable to lethal
infection at a low dose of WNYV. Both C3-deficient and CR1- and CR2-deficient mice also had significant deficits
in their humoral responses after infection with markedly reduced levels of specific anti-WNV immunoglobulin
M (IgM) and IgG. Overall, these results suggest that complement controls WNV infection, in part through its

ability to induce a protective antibody response.

West Nile virus (WNV) is an enveloped Flavivirus with a
single-stranded positive-sense RNA genome. WNV is endemic
in parts of Africa, Europe, the Middle East, and Asia (34), and
successive outbreaks in the United States have established its
presence in the western hemisphere (51). The virus is main-
tained in a natural cycle between mosquitoes and birds, al-
though humans, horses, and other vertebrate animals are in-
fected as incidental hosts. Humans develop a febrile illness
with a subset of cases progressing to a meningitis or encepha-
litis syndrome (26). Currently, no specific therapy or vaccine
has been approved for human use.

Infection with WNV causes fatal encephalitis more fre-
quently in the immunocompromised (2, 34, 53). Although a
complete understanding of this increased risk remains unclear,
experiments with mice have begun to define the sequence of
events during WNV pathogenesis and the response by the
innate and adaptive immune systems to control infection (17,
37, 65). After subcutaneous infection, replication occurs in the
skin, possibly in Langerhans dendritic cells (33, 40, 41, 70).
Subsequently, infectious virus is detected in draining lymph
nodes and shortly afterwards enters the circulation via the
efferent lymphatic system. Viremia ensues, and after spread to
visceral organs (e.g., kidney and spleen), WNV disseminates to
the brain and spinal cord within 3 to 5 days (16, 71, 72) of initial
infection depending on the mouse age, strain, and amount of
input virus. An intact immune system response is required for
protection from lethal infection, as genetic or acquired defi-
ciencies of macrophages or lymphocytes result in higher cen-
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tral nervous sytem (CNS) virus burdens and more severe en-
cephalitis (6, 16, 27). Previously, our laboratory and others
have demonstrated that humoral immunity, particularly immu-
noglobulin M (IgM) and IgG (13, 16, 18, 21) and T-cell-medi-
ated immunity (58, 66, 68) have essential roles in limiting
WNV infection in the CNS in mice.

The complement system is a family of ~30 serum and cell
surface proteins that are involved in pathogen recognition and
clearance (10). It is an integral part of the host innate immune
response against pathogens; its role in mediating protection
against bacterial infection has been described extensively (5,
10, 69) and is highlighted by an enhanced susceptibility to
infection by encapsulated bacteria that is associated with com-
plement deficiencies (43). Increasing evidence has suggested
that the complement system may play a key role in protection
against viruses (11, 29, 31, 36, 45, 46, 63, 64) by several possible
mechanisms. (i) The C5-C9 membrane attack complex lyses
enveloped viral particles and infected cells. (ii) Proinflamma-
tory peptides (C3a and C5a) are generated by complement
activation leading to recruitment and activation of monocytes
and granulocytes. (iii) The proteolytic fragments of C3 (C3b,
C3bi, C3d, and C3dg) bind to and opsonize viral particles,
facilitating clearance by cells that express complement recep-
tors. (iv) C3 facilitates antigen uptake and presentation and
immune cell priming. In response to these possible antiviral
mechanisms, several families of viruses have evolved specific
strategies to sabotage complement activation and neutraliza-
tion by producing or incorporating complement-modulating or
complement-blocking molecules (24, 35, 52, 62).

Although complement activation inhibits infection of several
enveloped DNA and RNA viruses, including herpesvirus (11),
influenza virus (36), vesicular stomatitis virus (45), and Sindbis
virus (30-32) to varying degrees, its role in flavivirus infection
and pathogenesis remains somewhat controversial. Early clin-
ical studies suggested that enhanced complement activation
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correlated with the development of dengue hemorrhagic fever
and shock syndrome (7) and that the addition of complement
and IgM enhanced flavivirus infection in macrophages (8, 9).
In contrast, other experiments suggest that complement is pro-
tective as it augments the inhibitory capacity in vivo of anti-
flavivirus antibodies. Passive administration of antibodies
against nonstructural protein 1 (NS1) prevented lethal yellow
fever or dengue virus infection in mice even though NS1 was
absent from the virion (22, 25, 28, 54). Because F(ab'), frag-
ments did not protect in vivo, complement-mediated cytolysis
was proposed to explain the inhibitory effects of anti-NS1 an-
tibodies (55).

In this study, we directly assess the function of complement
activation in the control of WNV infection. We find that com-
plement controls WNV infection through multiple mecha-
nisms including its effector activity and ability to trigger WNV-
specific antibody responses.

MATERIALS AND METHODS

Cells, viruses, and antibodies. BHK21-15, C6/36 Aedes albopictus, and
MC57GL mouse fibrosarcoma cells were cultured as previously described (12,
14, 58). The WNV strain (3000.0259) was isolated in New York in 2000 (20). All
cell culture and in vivo studies used a stock (2 X 10% PFU/ml) of this virus that
was propagated (passage 1) once in C6/36 cells. Viruses were diluted in Hank’s
balanced salt solution (HBSS) and 1% heat-inactivated fetal bovine serum (FBS)
for injection into mice. Hybridoma cells that produce monoclonal antibodies
(MADs) against WNV envelope protein (for El, 1gG2a; E8, IgG1; and E16,
IgG2b) (47) or severe acute respiratory syndrome (SARS) coronavirus open
reading frame 7a (ORF7a) protein (2E11, IgG2a) (44) were cultured in Dulbec-
co’s modified Eagle medium (DMEM) supplemented with 10% heat-inactivated
FBS.

Complement neutralization and lysis of WNV-infected cells. Complement
neutralization assays were performed as a modification of a plaque reduction
assay that was described previously (14). Briefly, 10> PFU of WNV was mixed
with increasing concentrations (0, 5, 10, and 25% final concentration [vol/vol] of
baby rabbit complement (Cedarlane Labs, Ontario, Canada) or mouse serum in
the absence or presence of MAbs (20 pg/ml final concentration) against WNV E
(E1 and E8) or the human SARS coronavirus ORF7a (2E11) proteins, and
incubated for 1 h at 37°C. These virus-complement-antibody mixtures (in a
170-pl volume) were added to BHK21-15 cell monolayers in six-well plates for an
additional hour and then rinsed with warm phosphate-buffered saline (PBS) to
remove unbound virus, antibody, and complement. Subsequently, a 1% low-
melting-point agarose (SeaPlaque; Cambrex BioSciences, Rockland, ME) solu-
tion containing «-MEM and 4% FBS was added. After a 3-day incubation, cells
were fixed with 2 ml of 10% formaldehyde, the agarose plugs were removed, a
crystal violet (1% [wt/vol] in 20% ethanol) solution was added, and the plaques
were scored visually with a light box.

The method for measuring complement-mediated lysis of infected cells was a
modification of a protocol to quantitate complement-mediated lysis of Sindbis
virus-infected cells (61). Briefly, MC57GL cells were infected at a multiplicity of
infection (MOI) of 5 or mock infected. Thirty hours later, cells were detached
with Hank’s balanced salt solution (Sigma Chemical Co., St. Louis, MO) sup-
plemented with 3 mM EDTA (HBSS-EDTA) and replated in 12-well plates. Six
hours later, cells were incubated with medium alone or with MAbs (20 pg/ml
final concentration) against WNV E (E1 and E16) or SARS ORF7a (2E11)
proteins for 30 min at room temperature. MC57GL cells were then washed
extensively with warm medium to remove unbound antibody and then incubated
with increasing concentrations of baby rabbit complement (0, 5, 10, and 25%
[vol/vol]) in DMEM supplemented with 10% heat-inactivated FBS for 3 h at
37°C. Subsequently, propidium iodide (Molecular Probes, Eugene, OR) at a final
concentration of 2 ug/ml was added for 15 min at room temperature in the dark,
and cells were removed with HBSS-EDTA and fixed lightly in a diluted para-
formaldehyde (PFA) solution (1/40 dilution of 4% PFA in PBS stock solution).
Cells were immediately processed by flow cytometry (FACSCalibur; Becton
Dickinson, Franklin Lakes, NJ), and cell death was assessed on the FL2 channel.
Routinely, we observed a baseline of between 2 and 4% “background” cell death
in untreated cells.
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Mouse experiments. All mice were age matched between 8 and 12 weeks and
inoculated subcutaneously with WNV by footpad injection after anesthetization
with xylazine and ketamine. Genetically C3-deficient mice (on a mixed 129 Sv X
C57BL/6J background) were obtained from H. Virgin (Washington University,
St. Louis, MO) (35) and 129 Sv X C57BL/6J F1, 129 Sv, and C57BL/6J control
mice were purchased from Jackson Laboratories (Bar Harbor, ME). Comple-
ment receptor 1 (CR1) and CR2 (CR1/2)-deficient mice (42) were backcrossed
for eight generations onto a pure C57BL/6 background and obtained from H.
Molina (Washington University, St. Louis, MO). Mouse experiments were ap-
proved and performed according to the guidelines of the Washington University
School of Medicine Animal Safety Committee.

Passive antibody transfer experiments. Serum was isolated from immune (day
28 after infection) wild-type mice, heat inactivated for 30 min at 56°C, pooled,
and stored aliquoted at —80°C. The E16-neutralizing MAb (IgG2b) against the
WNV E protein (47) was purified from hybridoma culture supernatants by
protein A affinity and size exclusion chromatography, buffer exchanged into PBS,
and filtered with a 0.2-pm syringe filter. For passive transfer experiments, mice
were administered a volume of 250 pl that contained immune serum (0.05 to 50
wl diluted into HBSS and 1% heat-inactivated FBS) or E16 antibody (500 ng)
intraperitoneally immediately after footpad inoculation with 10> PFU of WNV.

Quantitation of virus burden in mice. To analyze the kinetics of virus produc-
tion in the tissues and serum of infected mice, groups of mice were infected with
WNYV and euthanized on day 2, 4, 6, 8, or 10 after infection. Before organs were
harvested, blood was collected by phlebotomy of the axillary vein; serum was
recovered after centrifugation, aliquoted, and stored at —80°C. After cardiac
perfusion with PBS, organs were removed, weighed, and homogenized, and
plaque assays were performed as previously described (16). Viral RNA was
prepared from thawed aliquots of serum by using a Qia-Amp viral RNA recovery
kit (QIAGEN, Palo Alto, CA) and quantitated by real-time fluorogenic reverse
transcriptase PCR (RT-PCR) using an ABI 7000 sequence detection system
(Applied Biosystems, Foster City, CA) as described previously (38).

Quantitation of antibodies. Antibody titer and isotype were determined using
an enzyme-linked immunosorbent assay against purified WNV antigen as de-
scribed previously (16). Briefly, soluble WNV E protein that was generated from
baculovirus-infected Hi-5 insect cells (48) was adsorbed overnight at 4°C to
Maxi-Sorp microtiter plates (Nalge Nunc International, Rochester, NY). Non-
specific binding was blocked after incubation with blocking buffer (PBS, 0.05%
Tween 20, 3% bovine serum albumin, and 3% horse serum) for 1 h at 37°C.
Plates were then incubated with serial dilutions of heat-inactivated serum from
infected mice for 1 h at 4°C. After being extensively washed, plates were incu-
bated with biotin-conjugated goat anti-mouse IgG (whole IgG, IgGl, IgG2a,
1gG2b, IgG2c, and IgG3; Southern Biotech, Birmingham, AL) or IgM (Sigma
Chemical) and horseradish peroxidase-conjugated streptavidin (Sigma Chemi-
cal) at 4°C and developed after addition of tetramethylbenzidine substrate
(Sigma Chemical). Optical densities were determined spectrophotometrically at
450 nm (Spectrafluor Plus; Tecan, Inc.).

Flow cytometry. MC57GL cells were infected at an MOI of 5 as described
above. Thirty hours later, cells were detached and incubated in DMEM with 5%
FBS at 4°C with 25 pg/ml of E1 (anti-WNV E) or 2E11 (anti-SARS ORF7a) for
1 h. After being washed three times, cells were incubated with a 1/500 dilution of
Alexa 647 goat anti-mouse IgG in DMEM with 5% FBS for 30 min at 4°C. After
additional washing was carried out, cells were fixed with 1% PFA in PBS and
analyzed with a FACSCAN flow cytometer with Cellquest software (Becton
Dickinson).

Histopathology and immunohistochemistry. For pathological analyses, CNS
tissues were harvested after perfusion with PBS and 4% paraformaldehyde,
incubated in 4% paraformaldehyde for 24 h at 4°C, embedded in paraffin,
sectioned, stained with hematoxylin and eosin, and examined for pathological
changes. Serial sections of these tissues were also stained for WNV antigens as
described previously (16), with the exception that a pool of anti-WNV MAbs was
used (E18, E22, and E31).

Statistical analyses. All data were analyzed with Prism software (GraphPad
Software, San Diego, CA). For survival analysis, Kaplan-Meier survival curves
were analyzed by the log rank and Mantel-Haenszel tests. For virus burden and
antibody experiments, statistical significance was determined using the Mann-
Whitney test.

RESULTS

Complement-mediated neutralization of WNV. To deter-
mine whether complement directly neutralizes WNV, we mod-
ified an existing plaque reduction assay. Rabbit instead of
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FIG. 1. Complement-mediated neutralization of WNYV virions and lysis of WNV-infected cells. (A) Neutralization of WNV. Increasing
concentrations of rabbit complement was preincubated with WNV virions (30 min at 37°C) in the presence or absence of MAbs against the WNV
E (E1, IgG2a; ES8, IgG1) or an unrelated viral protein (2E11, IgG2a, and anti-ORF7a of SARS coronavirus) prior to addition to a monolayer of
hamster kidney (BHK21-15) epithelial cells. After addition of an agarose overlay and 72-h incubation, plaques were scored visually. The data shown
are from one representative experiment of three and was performed in triplicate. In the absence of complement (0%), the number of plaques
recorded (means * standard deviation) was as follows: no antibody, 86 * 10; anti-ORF7a, 83 = §, E1, 98 = 15; and ES, 89 * 3. (B) Increasing
concentrations of freshly obtained mouse serum were preincubated with WNV in the presence or absence of MAbs against WNV. The experiment
and data analysis were performed as described above. (C) Expression of WNV E protein on the surface of infected MC57GL cells. Cells were
infected at an MOI of 5 with WNV and were processed 30 h later by flow cytometry as described in Materials and Methods with a MAb against
WNV E protein (E1, IgG2a) or the SARS ORF7a protein (negative control; 2E11, IgG2a). The flow cytometric data are expressed as the log of
the fluorescence intensity. One representative experiment of four is shown. (D) Lysis of WNV-infected cells. MC57GL mouse fibroblasts were
mock infected or infected with WNV and incubated (60 min at 37°C) with increasing concentrations of rabbit complement in the presence or
absence of complement-fixing MAbs against WNV (E1 or E16) or an unrelated viral protein (2E11). Subsequently, propidium iodide was added,
and cell lysis was determined by flow cytometry. The data shown are from one representative experiment of three and was performed in duplicate.

mouse complement was used initially because of its enhanced markedly enhanced such that infectivity of the virus was abol-
lytic activity (3, 49). Rabbit complement was preincubated with ished completely after exposure to a 10% (vol/vol) solution of
WNYV virions in the presence or absence of MAbs against the complement. Control antibodies that lacked either binding to
WNV structural protein E prior to addition to a monolayer of ~ WNV virions (2E11, anti-ORF7a of SARS coronavirus,
hamster kidney (BHK21-15) epithelial cells. In the absence of IgG2a) or the ability to efficiently fix complement (ES8, 1gG1)

antibodies, a dose-dependent reduction in viral plaques was demonstrated no enhancement of complement-mediated neu-
observed; approximately 60% of infectious virus was neutral- tralization. When wild-type mouse serum was used as the
ized after incubation with a 25% (vol/vol) solution of comple- source of complement, a similar pattern of antibody-depen-

ment (Fig. 1A). In the presence of a complement-fixing MAb dent neutralization of WNV infectivity was observed; as ex-
(E1, IgG2a) against the WNV E protein, neutralization was pected, because of the decreased lytic activity of mouse com-
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plement (19), lower levels of inhibition were detected (Fig.
1B). Thus, complement directly neutralized WNV by antibody-
dependent and antibody-independent mechanisms, although
the degree of neutralization was greater in the presence of
complement-fixing anti-WNV antibodies and highly lytic com-
plement.

Complement-mediated lysis of WNV-infected cells. In addi-
tion to evaluating the degree by which complement directly
neutralized WNV, we also assessed its capacity to trigger lysis
of infected cells. MC57GL mouse fibroblasts cells that are
infected with WNV express high levels of two viral glycopro-
teins, E and NS1, on their cell surfaces (Fig. 1C and data not
shown) and thus could be targets for classical, lectin, or alter-
nate pathway activation of complement. To define the effi-
ciency of complement-mediated killing of WNV-infected cells,
we used flow cytometry to measure the incorporation of pro-
pidium iodide, a DNA-binding agent that fluoresces and is
normally excluded from live cells. MC57GL cells were mock
infected or infected with WNV and incubated with comple-
ment in the presence or absence of complement-fixing MAbs
against WNV. In the absence of antibodies, no specific cell lysis
of WNV-infected cells was observed (Fig. 1D) even at high
(25% [vol/vol] solution) concentrations of complement. In con-
trast, the addition of complement-fixing anti-WNV E MAbs
(E1 and E16, IgG2a and IgG2b, respectively) resulted in the
rapid killing of WNV-infected but not uninfected targets at low
concentrations (5% solution) of complement. Importantly, ad-
dition of a complement-fixing antibody against an irrelevant
viral antigen (2E11, anti-SARS ORF7a) did not significantly
trigger lysis of infected cells. Collectively, these experiments
suggest that WNV-infected cells are susceptible to lysis by
complement, primarily in an antibody-dependent manner.

Decreased survival of C3-deficient mice after infection with
WNV. The in vitro neutralization and killing studies demon-
strated that complement fixation could directly limit WNV
infection. However, the importance and mechanism of com-
plement-dependent viral clearance are best judged with com-
plement-deficient animals. To evaluate the function of com-
plement against WNV in vivo, we compared morbidity and
mortality after subcutaneous infection of wild-type and C3-
deficient mice. Subcutaneous infection with 10> PFU of WNV
resulted in 100% mortality of the CS7BL/6 X 129 Sv C3-
deficient mice (Fig. 2A) (P < 0.001). In contrast, only 30% of
C57BL/6, 40% of 129 Sv, and 50% of C57BL/6 X 129 Sv F1
mice succumbed to infection at this dose. In each group, all
mice showed clinical evidence of infection with fur ruffling,
hunchbacked posture, and weight loss (data not shown). Sig-
nificant mortality differences between C3-deficient and wild-
type mice were also observed at other doses of WNV (data not
shown).

Increased virus burden in C3-deficient mice. To elucidate
the mechanism by which a deficiency in complement activation
made mice vulnerable to lethal infection by WNV, wild-type
and C3-deficient mice were infected with 10> PFU of WNV
and virus burdens in the serum, spleen, spinal cord, and brain
were measured at days 2, 4, 6, 8, and 10 days after infection
(Fig. 2B to E).

(i) Serum. In both wild-type and C3-deficient mice, viremia
was below the level of detection by direct plaque assay
throughout the time course, with the exception of a single
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C3-deficient mouse (data not shown). However, when viral
RNA in serum was measured by a more sensitive fluorogenic
RT-PCR assay (16), additional information was obtained. The
kinetics and magnitude of viremia were virtually identical be-
tween wild-type and C3-deficient mice; viral RNA was de-
tected from day 2 to day 4 after infection but was cleared from
circulation by day 6 (Fig. 2B).

(i) Spleen. A different pattern was observed between wild-
type and C3-deficient mice in the spleen. In wild-type mice,
virus was detectable in spleen samples as early as day 2, per-
sisted through day 8, and was ultimately cleared from all ani-
mals by 10 days after infection. In contrast, there was a delayed
clearance phase in C3-deficient mice as levels of virus (10°
PFU/g) persisted in the spleen throughout the course of the
experiment (Fig. 2C). Thus, a lack of C3 resulted in a failure to
rapidly clear virus infection from the spleen.

(iii) CNS. WNV was detected earlier and in greater levels in
the spinal cord and brain of C3-deficient mice (Fig. 2D and E).

(a) Spinal cord. At day 4 after infection, 17% of C3-deficient
mice had detectable levels of infectious virus in the lumbar-
sacral spinal cord. By day 6, 67% of C3-deficient mice had
significant levels (~10° PFU/g) in both the inferior and supe-
rior spinal cord. In contrast, infectious virus was not detected
in wild-type mice until 8 days after infection. Even at the latter
stages of the time course, the magnitude of viral infection in
the spinal cord was increased: at day 10 after infection, C3-
deficient mice had ~30-fold higher levels (P = 0.03) in the
spinal cord than the wild-type counterparts.

(b) Brain. A similar pattern of infection was observed in the
brain. At day 6 after infection, 50% of C3-deficient mice had
infectious virus in the brain, whereas none was detected in
wild-type mice until 8 days after infection. As the time course
progressed, the gap in virus burden in the brain widened such
that by day 10 after infection there were ~150-fold-higher
levels (P = 0.007) of infectious virus in the C3-deficient mice.
Overall, the virologic analysis demonstrates that C3 is essential
for controlling the early spread of WNV into the CNS.

Histopathology after WNV infection in the brain. To under-
stand the cellular basis for increased infection and mortality,
we examined brain tissues for histopathological changes fol-
lowing infection and compared this to wild-type mice. Brains
were harvested from equivalently moribund C3-deficient and
wild-type mice on day 10 after infection. As observed previ-
ously, wild-type and C3-deficient mice had high levels of WNV
antigen, primarily in cells that stained positive for neuronal
antigens (59; data not shown). In wild-type mice, scattered
neurons in the cortex, hippocampus, and the base of the brain
stained positive for WNV antigen. In contrast, in C3-deficient
mice, significantly enhanced staining was observed in neurons
in all regions of the brain, with prominent staining in the
cerebral cortex, hippocampus, and brain base (Fig. 3 and data not
shown). The enhanced infection in the brain in C3-deficient mice
was associated with increased numbers of dysmorphic and py-
knotic neurons, indicative of the severity of injury to neurons.

Effect of C3 on the anti-WNV antibody response. We have
previously shown that a depressed anti-WNV antibody re-
sponse results in enhanced dissemination of WNV into the
CNS (16, 18), To evaluate whether complement activation
protected against WNV infection by virtue of its ability to
facilitate virus-specific antibody production, we assessed the
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FIG. 2. WNV infection in C3-deficient mice. (A) Survival data of wild-type and C3-deficient mice after inoculation with WNV. 129 Sv, C57BL/6, 129
Sv X C57BL/6 F1, and C3-deficient (129 Sv X C57BL/6) mice were inoculated via footpad with 10> PFU of WNV and followed for 28 days. The survival
curves were constructed using data from between three and five independent experiments. The number of animals was 10 for 129 Sv, 49 for C57BL/6,
41 for 129 Sv X C57BL/6, and 26 for C3-deficient mice. Survival differences between wild-type and C3-deficient mice were statistically significant (P <
0.0001). (B) Levels of viral RNA in serum. Viral RNA levels were determined from serum of wild-type 129 Sv X C57BL/6 or C3-deficient mice after
WNV infection at the indicated days by a real-time fluorogenic RT-PCR assay. Data are expressed as genomic equivalents of WNV RNA per milliliter
of serum and reflect the average of at least five independent mice per time point. The dotted line represents the limit of sensitivity of the assay. (C to
E) Infectious virus levels in tissues. Virus levels were measured from the spleen (C), spinal cord (D), and brain (E) of wild-type and C3-deficient mice
by a viral plaque assay in BHK21 cells after tissues were harvested at the indicated days after inoculation. Data are shown as the average PFU per gram
of tissue and reflect 5 to 10 mice per time point for either wild-type or C3-deficient mice. The dotted line represents the limit of sensitivity of the assay.

kinetics of the specific IgM and IgG response in wild-type and after infection. Subsequently, in wild-type C57BL/6 X 129

C3-deficient mice.

mice, anti-WNV IgM titers rose dramatically, peaking

(i) IgM. Equivalent levels of anti-WNV IgM levels were (1:3,200) at day 8 after infection (Fig. 4A) and declining there-
observed in wild-type and C3-deficient mice through day 6 after (data not shown). In contrast, C3-deficient C57BL/6 X
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129 mice produced significantly less (1:450) WNV-specific IgM
at day 8 after infection (P = 0.02).

(ii) IgG. WNV specific IgG was first detected at 6 days after
infection in wild-type mice, rising to a titer of 1:2,100 by day 10.
C3-deficient mice demonstrated a delayed and blunted anti-
WNV IgG response (Fig. 4B). Virus-specific IgG was not de-
tected in C3-deficient mice until day 8 after infection, and the
levels were significantly lower (1:300 at day 10) than those
produced in wild-type mice (day 8, P = 0.04; day 10, P = 0.01).
Collectively, these experiments demonstrate that a deficiency

Wild Type
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C3-deficient

X >

S &

FIG. 3. Immunohistochemistry of the brain after WNV infection in wild-type and C3-deficient mice. The brains of infected wild-type (left) and
C3-deficient (right) mice were harvested 10 days after infection with WNV, sectioned, and stained with mouse anti-WNV MAbs. Typical sections
from the cortex, hippocampus, brain stem, and the amygdala in the base of the brain are shown after several independent brains from either
wild-type or C3-deficient mice were reviewed. Red arrows denote infected neurons in wild-type mice, and blue arrows show infected neurons in
C3-deficient mice.

in C3 results in a defect in the production WNV-specific IgM
and IgG. Because of the importance of the IgG isotype in
complement-mediated effector function, isotype analysis of
WNV-specific IgG was also assessed in wild-type and C3-de-
ficient mice (Fig. 4C). At day 10 after infection, wild-type
C57BL/6 X 129 mice demonstrated all circulating IgG isotypes
against WNV; however, the response was dominated by the
complement-fixing IgG2 subtypes, as significantly higher levels
of IgG2a, IgG2b, and IgG2c than IgG1l and IgG3 were ob-
served. Although overall titers were markedly lower in
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FIG. 4. Development of specific antibodies against WNV in wild-type and C3-deficient mice. Serum was collected from wild-type or C3-
deficient mice at the indicated days after infection with 10? PFU of WNV. The development of specific [gM (A) or IgG (B) antibodies against WNV
was determined after incubating serum with adsorbed control or purified WNV E protein. Serum was collected from between 5 and 10 wild-type
or C3-deficient mice per time point, and individual experiments were performed in duplicate. (C) WNV-specific IgG isotype analysis of wild-type
and C3-deficient mice. Serum samples were obtained from five wild-type and four C3-deficient mice at day 10 after WNV infection, diluted 1/50,
and analyzed for IgG isotype by enzyme-linked immunosorbent assay. The data are expressed in a logarithmic scale as units of optical density after
subtraction of the background (0.05), and the error bars represent standard deviations. For wild-type mice, the levels of 1gG2a, IgG2b, and IgG2¢
were statistically different from levels of IgG1 or IgG3 (P < 0.03). For C3-deficient mice, the levels of IgG2a were statistically different from levels

of IgG1 or IgG3 (P = 0.01).

C57BL/6 X 129 C3-deficient mice, the response at day 10 was
composed almost exclusively of IgG2 antibodies against WNV.

Complement-dependent humoral response: experiments in
CR1/2-deficient mice. The data from the previous sections
suggest that a lack of complement activation led to a blunted

WNV-specific antibody response after day 6, uncontrolled
CNS infection, and increased mortality. However, complement
activation could inhibit WNYV infection through additional ef-
fector mechanisms, aside from the depressed antibody produc-
tion. To test which effect was dominant, C57BL/6 mice that
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FIG. 5. WNV infection and humoral response in wild-type and CR1/2-deficient C57BL/6 mice. (A) Survival data of wild-type and CR1/2-
deficient mice after infection with WNV. Wild-type and CR1/2-deficient C57BL/6 mice were inoculated via footpad with WNV and followed for
28 days. The survival curves were constructed using data from between three and five independent experiments. Survival differences between
wild-type and CR1/2-deficient mice were statistically significant (P < 0.0001). (B) Virus levels were measured by plaque assay from brain and spinal
cord tissues of wild-type and CR1/2-deficient mice at day 10 after infection with WNV. The data are shown as a scatter plot with each shaded square
(wild-type) or open circle (CR1/2-deficient) corresponding to an individual data point. The horizontal bars reflect the average of the log viral titer,
and the P values for statistical significance are shown. The dotted line represents the limit of sensitivity of the assay. (C and D) Development of
specific IgM and IgG against WNV in wild-type and CR1/2-deficient mice. Serum samples were collected from wild-type or CR1/2-deficient mice
at the indicated days after infection with WNV. The development of specific IgM or IgG antibodies against WNV was determined after incubating
serum with adsorbed control or purified WNV E protein. Serum samples from between 5 and 10 wild-type or CR1/2-deficient mice per time point
were used, and individual experiments were performed in duplicate. The differences between wild-type and CR1/2-deficient were statistically
significant at day 8 (IgM, P < 0.001; IgG, P = 0.01) and day 10 (IgM, P = 0.01; IgG, P = 0.008).

were deficient for the complement receptors CR1 (CD21) and
CR2 (CD35) were infected with WNV and evaluated for le-
thality, virus burden in the CNS, and WNV-specific antibody
responses. Because C3d binding to CR2 augments antibody
production by lowering the threshold for B-cell activation (23),
CR1/2-deficient mice have defects in IgM and IgG titers after
immunization with a soluble protein antigen but do not have
deficiencies in complement-mediated effector (opsonization or
lysis) function (1, 42).

Subcutaneous infection with 10> PFU of WNV resulted in
~90% mortality of the CR1/2-deficient C57BL/6 mice (Fig.
5A; P < 0.0001), whereas only ~35% of congenic wild-type

succumbed to infection. A similar difference in survival was
observed when 10* PFU of WNV was inoculated into wild-type
and CR1/2-deficient mice (data not shown). To assess the
mechanism for increased mortality, virus burden was analyzed
in the spleen, brain, and spinal cord of C57BL/6 wild-type and
CR1/2-deficient mice. Unlike that observed with the C3-defi-
cient mice, infectious virus was rapidly cleared from the spleen
of CR1/2-deficient mice with the same kinetics as wild-type
mice (data not shown). In contrast, and similar to what was
seen in C3-deficient mice, higher levels of virus were observed
in the brain (~200 fold; P < 0.01) and spinal cord (~50 fold;
P = 0.02) of CR1/2-deficient mice at day 10 after infection



7474 MEHLHOP ET AL.

TABLE 1. Passive antibody protection in 8-week-old wild-type and
C3-deficient mice

% Survival

Mouse group and dose” at 28 days (n)’ P value®
C3 deficient 0(17)

E16 MAD, 500 pg 100 (4) 0.005*

Immune serum, 0.5 pl 13 (8) 0.006*

Immune serum, 5 pl 44 (9) <0.0001*

immune serum, 50 pl 100 (8) <(0.0001*
Wild type 50 (13)

E16 MAD, 500 pg 100 (10) <0.0001*

Immune serum, 0.05 pl 80 (10) >0.3

Immune serum, 0.5 pl 100 (10) 0.03*

Immune serum, 5 pl 100 (10) 0.03*

“E16 is an anti-WNV E protein MAb that binds to domain III and strongly
neutralizes WNV infection. Heat-inactivated immune serum was generated from
surviving wild-type mice at day 28 after infection. Immune serum was diluted in
HBSS with 1% heat-inactivated serum to obtain the indicated dose. A single dose
of E16 or immune serum was passively transferred by the intraperitoneal route
to C57BL/6 X 129 Sv wild-type or C3-deficient mice on the same day that 10°
PFU of WNV was inoculated via footpad inoculation.

® The percentage of mice surviving infection at the termination of the exper-
iment (28 days) is indicated.

¢ The P value is shown after performance of log rank analysis of the Kaplan-
Meier survival curve. An asterisk indicates statistical significance.

(Fig. 5B). To establish whether the virologic and survival phe-
notype in CR1/2-deficient mice was associated with an atten-
uated humoral response, we evaluated the kinetics of the anti-
WNV IgM and IgG response in wild-type and CR1/2-deficient
C57BL/6 mice. In this genetic background, equivalent low lev-
els of anti-WNV IgM levels were observed in wild-type and
CR1/2-deficient mice through day 4 after infection. Subse-
quently, in wild-type mice, anti-WNV IgM titers rose signifi-
cantly, whereas only a slight increase was observed in CR1/2-
deficient mice (Fig. 5C). WNV-specific IgG was first detected
at 8 days after infection in wild-type mice and increased sig-
nificantly by day 10. In contrast, the absence of CR1/2 resulted
in an almost completely blunted WNV IgG response (Fig. 5D),
even at day 10 after infection.

Significance of the depressed WNV-specific antibody in C3-
deficient mice. The increased susceptibility and blunted WNV-
specific antibody responses in C3- and CR1/2-deficient mice
suggest that the complement activation is necessary for the
development of a protective humoral response during primary
infection and that the attenuated antibody response directly
results in increased viral infection and mortality. To address
whether WNV-specific antibody by itself could protect C3-
deficient mice from lethal infection, neutralizing MAbs or
polyclonal antibodies were passively transferred to 8-week-old
wild-type or C3-deficient mice (Table 1). For both wild-type
and C3-deficient mice, a single high dose of the neutralizing
MADb E16 (IgG2b; 500 pg) completely prevented WNV-in-
duced mortality. In contrast, when limiting amounts of heat-
inactivated immune serum were administered, greater protec-
tion was observed in wild-type mice: ~100-fold-higher doses
were required to completely block lethality in C3-deficient
mice. Naive serum (50 pl or greater), however, provided no
protection against mortality (reference 18 and data not
shown). Thus, the severe phenotype in the C3-deficient mice
could be overcome by the addition of sufficient quantities of
exogenous immune antibody.

J. VIROL.

DISCUSSION

Because complement plays a variable role in the control the
infection of other RNA and DNA viruses, we sought to eval-
uate its role in WNV infection. The net function of comple-
ment in flavivirus infection has remained controversial, as
some studies suggest a protective effect, whereas others indi-
cate that complement activation contributes to pathogenesis.
Animals that were genetically deficient in C3 and thus unable
to activate the lytic, opsonic, and priming functions of comple-
ment, were completely vulnerable to infection with low doses
of WNV. In addition, mice that were deficient in CR1 and CR2
and thus impaired in their ability to generate antigen-specific
IgM and IgG responses (1, 42) also demonstrated increased
susceptibility to lethal WNV infection. Taken together, these
data establish that in mice, complement activation is necessary
for the efficient induction of a protective antibody response
against WNV infection.

Infection in C3- and CR1/2-deficient mice. To our knowl-
edge, this is the first report to show a definitive protective role
for complement against infection by a flavivirus in vivo. Previ-
ous in vivo studies that addressed the role of complement in
flavivirus infection were conflicting. In a retrospective clinical
study, excessive consumption of complement proteins corre-
lated with the most severe forms of dengue virus infection (7).
Because cell culture studies indicated that complement could
enhance infection in myeloid cells by facilitating entry through
CR3 (CD11b/CD18), complement activation was suggested to
be pathogenic (8, 9). However, lysis of flavivirus-infected cells
by complement is thought to explain why passive transfer of
antibodies against NS1, a cell- but not virion-associated pro-
tein, protects mice against lethal yellow fever virus or dengue
virus infection (22, 25, 28, 54). Our mortality, virologic, and
immunologic data clearly demonstrate that, at least for WNV,
complement activation has a profound effect on coordinating a
protective humoral response. Although C3 activation limits the
infection of other enveloped viruses, the effect appears more
dramatic with WNV. An absence of C3 in mice caused higher
and prolonged virus burdens after influenza infection but did
not increase mortality, and a deficiency of CR1/2 had little
significant effect on influenza virus clearance (36). A 100%
lethality after infection with vesicular stomatitis virus was ob-
served in C3-deficient mice but only when high doses (107
PFU) were administered intravenously (45). Although C3-de-
ficient mice had depressed specific antibody responses against
herpes simplex virus, there was no increase in viral load or
mortality compared to wild-type controls (11). A similar lack of
effect on mortality was observed in C3-deficient mice with
murine gammaherpesvirus 68 (35). In comparison, we show
that the absence of C3 or CR1/2 resulted in 100 and 90%
lethality, respectively, in response to a low dose (10* PFU) of
WNV infection.

Although our in vitro experiments suggest that complement
is capable of inactivating or lysing WNYV particles, its apparent
lack of effect on WNV levels in serum in vivo was unexpected.
We suspect that this may be because mouse complement C4
lacks or has low classical pathway C5 convertase subunit activ-
ity in vitro and in vivo (3, 19, 60). Indeed, when mouse serum
was used as the source of complement, less antibody-depen-
dent neutralization of WNV infectivity in vitro was observed.
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Alternatively, WNV RNA is not a truly accurate measure of
the number of infectious particles in serum. Because infectious
virus burden in serum was below the level of detection by the
direct plaque assay, we cannot be certain that complement did
not diminish the infectivity of the virus in serum.

Compared to wild-type mice, no significant increase in WNV
infection was detected in C3-deficient mice during the first 4
days after infection. However, by 6 days after infection, signif-
icantly higher levels of infectious virus and viral RNA were
detected in the brain and spinal cord of C3-deficient mice. At
present, the precise mechanism for this early entry into the
CNS in complement-deficient mice remains unclear. It does
not appear to be due to increased hematogenous spread, as the
kinetics and magnitude of viremia were similar in wild-type
and C3-deficient mice. One possible explanation is that com-
plement activation affects WNV CNS entry by lysing infected
peripheral neurons. Complement is synthesized by several dif-
ferent types of neurons (4), and its activation has been recently
shown to cause neuronal cell death through the formation of
the membrane attack complex (56, 57). Alternatively, comple-
ment activation could trigger a distinct cytokine expression
pattern during the initial phases of infection. A recent study
suggested that the generation of tumor necrosis factor alpha in
peripheral lymphoid tissues alters blood-brain barrier perme-
ability and facilitates WNV entry into the CNS (15, 67). Future
experiments that examine the kinetics of cytokine production
in complement-deficient mice should test this hypothesis di-
rectly.

Antibody response in C3- and CR1/2-deficient mice. The
initial antibody response against WNYV, the development of
specific IgM by day 4 and 6 after infection (18), was similar in
wild-type and C3-deficient mice. In contrast to the early phase
of anti-WNV IgM production, a deficiency in C3 blunted the
amplification phase of the anti-WNV IgM and IgG responses.
Our data are consistent with the hypothesis that complement
activation plays an essential role in priming the humoral re-
sponse, thus linking innate and adaptive immunity (5, 10, 46,
64). The enhancing effect of complement on the humoral re-
sponse is believed to be T-cell independent (11, 45) and to
occur through complement receptors CD21/CD35. C3d bind-
ing to CD21 may directly enhance antibody production by
lowering the threshold for B-cell activation (23). Consistent
with this, mice that were deficient in CD21/CD35 also exhib-
ited markedly depressed and delayed IgM and IgG responses
against WNV and increased mortality. Notably, in wild-type
mice, the WNV-specific IgG response was dominated by 1gG2
antibodies, which efficiently fix complement. Thus, one reason
why C3- and CR1/2-deficient mice are sensitive to lethal WNV
infection is because they generate low levels of specific and
complement-fixing antibodies; in contrast to other viruses (11,
35), a strong antibody response is critical to the control of
peripheral and CNS WNYV infection in mice (16, 17) and likely
in humans (39). As further evidence for this, passive transfer of
either neutralizing MAbs or immune serum completely pro-
tected C3-deficient mice against lethal WNV infection. With
mice, we suspect that the complement-dependent effector
functions of antibody (e.g., opsonic and/or lytic potential) also
participate in the control of WNV infection, albeit to a lesser
degree, as ~100-fold-higher levels of immune serum were re-
quired to provide complete protection.

COMPLEMENT LIMITS DISSEMINATION OF WNV INFECTION 7475

Studies with immunodeficient mice have provided insight
into the mechanism of pathogenesis and protection against
WNV infection and may have implications for human disease.
In the mouse model, complement, anti-WNV IgM and IgG,
and CD8™ T cells have important roles in preventing the dis-
semination of virus into the CNS. Our studies here document
that complement is absolutely required to generate a rapid and
effective antibody response against WNV; a deficiency leads to
enhanced CNS viral loads and increased mortality. It is intrigu-
ing to consider that severe human WNV infection, which oc-
curs infrequently (~1/50 cases) even in the elderly and immu-
nocompromised population, could be more common in
patients with dysfunctional complement responses against
WNV early during infection. Although complete deficiencies
of complement proteins are rare, a heterozygous deficiency of
C4 has a frequency of approximately 20% in the Caucasian
population (73), and has been associated with an increased risk
for hepatitis C virus-induced cirrhosis (50). As therapies
against WNV become available, it will be important to target
high-risk populations. Natural history studies with humans are
currently under way to identify both clinical and laboratory risk
factors for severe WNV disease. Based on the studies pre-
sented here, a depressed level of complement proteins or ac-
tivity may be an independent risk factor for morbidity and
mortality.
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